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Abstract— For planetary lander missions, the most 
challenging phase of the spacecraft to ground 
communications is during the entry, descent, and landing 
(EDL). As each 2003 Mars Exploration Rover (MER) 
enters the Martian atmosphere, it slows dramatically. The 
extreme acceleration and jerk cause extreme Doppler 
dynamics on the X-band signal received on Earth. When the 
vehicle slows sufficiently, the parachute is deployed, 
causing almost a step in deceleration. After parachute 
deployment, the lander is lowered beneath the parachute on 
a bridle.  The swinging motion of the lander imparts high 
Doppler dynamics on the signal and causes the received 
signal strength to vary widely, due to changing antenna 
pointing angles. All this time, the vehicle transmits 
important health and status information that is especially 
critical if the landing is not successful. Even using the 
largest Deep Space Network antennas, the weak signal and 
high dynamics render it impossible to conduct reliable 
phase coherent communications. Therefore, a specialized 
form of frequency-shift-keying will be used. This paper 
describes the EDL scenario, the signal conditions, the 
methods used to detect and frequency-track the carrier and 
to detect the data modulation, and the resulting performance 
estimates. 
 
 
 TABLE OF CONTENTS 

 1. INTRODUCTION 
 2. MARS EDL SCENARIO 
 3. SIGNAL SET, DETECTION AND TRACKING 
 4. PERFORMANCE ESTIMATES 

5. SUMMARY 
6. THRESHOLD AND DETECTION STRATEGY 
7. ACKNOWLEDGEMENTS

 
1. INTRODUCTION 

Two Mars rover missions will be launched by NASA in 
May and June of 2003, during the 2003 Mars launch 
opportunity. They are the Mars Exploration Rovers, MERA 
and MERB. The spacecrafts will enter the Mars atmosphere 
directly, without first going into Mars orbit. The rovers will 
land on the Mars surface in January and February of 2004, 
in a similar manner to the successful Mars Pathfinder 
landing in 1996. 
 
During the Entry, Descent and Landing (EDL) phases, it is 
important to maintain communications from the spacecraft 
to the Earth. Although this communication cannot affect the 
landing because the long round-trip-light time precludes 
real time feedback from Earth to the spacecraft, the 
communication could be critical to the success of future 
missions. This is especially true in case of a mission failure, 
when the diagnostic data would be very important. 
 
Communication during EDL is very challenging, due to 
numerous factors. The EDL scenario and the factors 
limiting communications are discussed in Section 2. The 
communication signal set and the signal detection and 
tracking techniques are discussed in Section 3. Analysis and 
simulation performance estimates are presented in Section 
4, SNR thresholds and detection strategy are discussed in 
Section 6, and a summary is given in Section 5. 
 
 2. MARS EDL SCENARIO 
The EDL scenario for MERB is shown in Figure 1. The 
scenario for MERA is similar. The rover vehicle is enclosed  



 

• Lander Separation: E+277s, L-88s

• Heatshield Separation: E+257s, L-108s

• Parachute Deployment: E+237s, L-128s, 10 km, 451 m/s wrt atmos.

• Peak Heating / Deceleration: 37 W/cm2, 6.4 earth g

• Cruise Stage Separation: E - 15 minutes

• Radar Ground Acquisition: E+328s, L- 37s, , 2.4 km above ground 
• Airbag Inflation:  ~410 m, E+355s, L-10s

• Bridle Cut: E+362s, L-3s, 13 m

• Rocket Firing:  E+359s, L-6s, ~130m, ~72 m/s 

• Landing: E+365 s

• Entry Turn Starts: E - 70 minutes  Turn completed by E - 50 minutes.  HRS  Freon Venting

• Entry: E - 0 s, L - 365s, 128  km, 5.55 km/s wrt atmos., γ = -11.5° inertial, -12° relative

• Bridle Descent Complete: E+287s, L-78s

• Bounces: >15, Rolls Up to 1 km 

Launch =6/27/03 
Arrival = 2/8/04 

• Earth set: Landing + 2h 40 min

X-band DTE 

UHF to MGS 
[X-band DTE 

Backup] 

X-band DTE 

• Deflation / Petal Latch Firing: Landing + 90 min

• Roll to a Stop: Base Petal Down, Landing + 2 min

Figure 1. MERB EDL Nominal Sequence. 
 
in a four-sided structure, shaped like a quadrahedron, called 
the lander. One triangular side is the base, and the other four 
sides are called petals. After landing, the petals are opened 
from the base and remain attached to the base. The rover is 
driven off the lander to conduct its operations. 
 
EDL Sequence of Events 

As the EDL scenario of Figure 1 begins, the lander is 
enclosed in a heatshield and a backshell, all attached to the 
main spacecraft. The entry turn begins approximately 70-
min before entry, properly orienting the heat shield. When 
this is completed, approximately 15-min prior to entry, the 
cruise stage separation occurs, leaving the lander protected 
by the heat shield. Entry, defined as reaching a predefined 
altitude above the Mars surface, occurs approximately 365-s 
before landing. 
 
During the hypersonic entry phase, the craft is rapidly 
slowed by the atmosphere. Approximately 237-s after entry, 
the craft has slowed sufficiently for the parachute to be 
deployed. Approximately 20-s later, the heatshield is 
released, and another 20-s later, or approximately 277-s 
after entry, the lander is separated from the backshell onto a 
bridle. The configuration then is the lander hanging from 
the backshell on the bridle, and the backshell hanging from 
the parachute. 
 

For approximately 70 s, the lander swings back and forth on 
the bridle, and rotates on the order of 2 rpm due to the 
residual spin stabilization of the entire spacecraft.  A radar 
on the lander is activated, and acquires a return signal from 
the Mars surface at approximately 328-s past entry, and 37-s 
before landing. An estimated 10-s prior to landing, using 
altitude information from the radar, the craft deploys 
airbags about the lander. About 4-s later, the retro rockets 
on the backshell are fired. When the rate of descent of the 
lander relative to the surface is close to zero, the bridle 
supporting the lander is cut, and the lander, encased in the 
airbags, falls freely to the surface. The lander bounces and 
rolls until it comes to a stop, after perhaps 2 min. The 
airbags are deflated within 90-min after landing. Earth set, 
ending the possible communication link to Earth, occurs 
approximately 2 h and 40 min after landing. 
 
Communications Links 

From cruise stage separation until the lander is separated 
from the backshell, communication is by a direct-to-Earth 
(DTE) X-band (8.4-GHz) link, using the backshell low-gain 
antenna (BLGA). After the lander separates from the 
backshell, the BLGA can no longer be used. From this point 
until landing, two methods of communication will be used: 
a DTE link using the rover low-gain antenna (RLGA), and a 
UHF relay link. The UHF link transmits the data to either 
the Mars Odyssey or the Mars Global Surveyor spacecraft, 



which then relays the data to the Earth using a standard 
phase-coherent X-band link. The reason that the UHF relay 
link is used is that sufficiently reliable communication is not 
possible with the DTE link, as explained later. The UHF 
link is the prime communication link, but it is not as reliable 
as desired, so the DTE link will also be used, as a backup. 
Although the UHF link is prime during this period, it is not 
discussed further in this paper, because the subject of this 
paper is the DTE link. After landing, the UHF link will no 
longer be used, and the DTE link is again the only link. 
 
The X-band DTE signal will be tracked by one of the three 
70-m antennas of the NASA Deep Space Network (DSN). 
Which antenna(s) will be used is not yet known, because the 
landing sites for the two missions have not yet been chosen. 
 
DTE Link Signal Format 

The X-band DTE link will use a special multiple-frequency-
shift-keyed (MFSK) signal format. This has been chosen 
because the signal conditions of high dynamics and low 
signal-to-noise ratio (SNR) will not reliably support phase 
coherent communications. There will be 256 different signal 
frequencies, modulated one at a time onto a residual carrier, 
using the spacecraft capability to switch the subcarrier 
frequency. During hypersonic entry, the signal frequency 
will be switched every 10 s, resulting in communication of 
8 bits of information each 10 s.  When the lander is 
suspended from the bridle, and the UHF link is prime, the 
duration of the modulation frequencies may be extended to 
20 s, to better facilitate detection during this period of 
highly varying SNR. This would result in fewer messages of 
higher reliability than using the 10-s duration. 
 
Dynamics 

The expected MERB dynamics profile, magnitude and 
uncertainty are illustrated in Figure 2. The profiles are 
shown for one of the candidate landing sites. Three different 
profiles are shown, in green for the nominal entry path 
angle, and in red and blue for other path angles that 
correspond to the estimated maximum deviations from the 
nominal profile. For each entry angle, the spacecraft to 
Earth Doppler shift at the X-band frequency is shown in 
Figure 2a. The range of Doppler shift is approximately 90 
kHz, and the (two-sided) range of Doppler uncertainty is 
approximately 50 kHz.  
 
Figure 2b shows the Doppler rate, or first derivative of 
Doppler frequency, due to acceleration. The first maximum 
occurs due to atmospheric drag during hypersonic entry, at 
150-s to 220-s past entry. The maximum varies from 700 
Hz/s to 1200 Hz/s, depending on entry angle. The second 
maximum is a spike in Doppler rate due to parachute 
deployment. During the hypersonic entry, the range of 
uncertainty in Doppler rate is roughly the same as the

 

 
a.  Doppler Frequency  

 

b.  Doppler Frequency Rate  
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c.  Doppler Second Derivative 

 
Figure 2. Doppler Dynamics Profiles during EDL for 

Nominal, Maximum and Minimum Flight Path Angles 
 



maximum possible Doppler rate. For example, at 
approximately 150-s past entry, the acceleration could be 
from approximately 0 Hz/s to 1200 Hz/s. The same is more 
obviously true for the parachute release. 
 
Figure 2c shows the second derivative of Doppler 
frequency, due to jerk. During hypersonic entry, the value 
ranges from approximately -25 Hz/s2 to 40 Hz/s2.  The exact 
values shown at parachute deployment are not meaningful 
due to the inaccuracy in the numerical differentiation used 
to obtain them. Most important is that modeling does not 
help to improve knowledge of this derivative, and could 
actually increase the error. 
 
Signal-to-Noise Ratio 

The SNR of the MERB downlink signal during EDL is 
shown in Figure 3. The SNR shown is the ratio of total 
received power to noise spectral density of the X-band 
signal received at a 70-m DSN antenna. These are the 
largest antennas available. 

 The total power received at the Earth from the spacecraft 
depends on the angle of the spacecraft with respect to the 
Earth and on the antenna gain pattern. The antenna gain 
depends both on the angle off the axis of rotation of the 
spacecraft, and on the rotation angle. The red (center) curve 
in Figure 3 is the nominal expected total power SNR versus 
time. This nominal SNR is based on the spacecraft axis 
orientation being the nominal angle, and on the nominal 
antenna gain with respect to rotation angle. The green 
(upper) curve is the maximum SNR that might be achieved, 
and is based on the most favorable orientation angle, and 
the blue (lower) curve is the minimum expected SNR. The 
three vertical dashed lines indicate the nominal times of the 
key events of parachute deployment at 246-s past entry, 
lander separation from the backshell at 276-s past entry, and 
full extension of the bridle with the lander at its end at 286-s 
past entry.  
 
The backshell LGA (BLGA) is used from entry until lander 
separation. Throughout this time, the minimum expected 
SNR is 22 dB-Hz. It is 1-dB to 2-dB higher just before and 
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just after parachute deployment. When the lander is 
separated from the backshell, the BLGA can no longer be 
used, and the rover LGA (RLGA) is used for the DTE link. 
The pattern of this antenna is different from that of the 
BLGA. Also, beginning at this separation, the orientation of 
the antenna with respect to the Earth becomes further off the 
peak gain of the antenna, and becomes highly time varying 
and uncertain. One cause of this is that the attachment point 
of the bridle to the lander is offset from the spin axis by 
15.7 deg, causing the antenna pattern to be offset from the 
direction to the backshell. Second, the rotational angle of 
the lander is unknown, and is changing on the order of 2 
rpm due to the spin stabilization of the spacecraft. Finally, 
the lander will be swinging at the end of the bridle, due to 
the effects of the entry and due to unknown Martian wind. 
As a result of these effects, the SNR of the signal at the 70-
m antenna can be anywhere from 5 dB-Hz to almost 30 dB-
Hz. Furthermore, it is expected to vary widely within this 
range as the lander swings and rotates.  
 
The UHF relay link was chosen as the prime link from 
lander separation to landing because the link margin is 
higher than for the DTE link, and because the UHF antenna 
has a different pattern than the RLGA, so that UHF link 
performance is affected less by spacecraft orientation. 
The black horizontal line segments in Figure 3 show the 
estimated SNR threshold for the various portions of the 
EDL, when using the detection algorithms of this paper. 
This is discussed in Section 5. 
 
Tracking and Detection Overview 

During the highest dynamics, the combination of low SNR 
and high dynamics makes reliable phase-coherent 
communications impossible. For example, use of a type III 
phase locked loop (PLL) to track the dynamics would 
require a loop bandwidth on the order of 13 Hz. The 
required loop SNR should be approximately 11 dB, which 
is slightly higher than the 10-dB minimum for coherent 
communications when there is negligible dynamic phase lag 
error. With the 13-Hz loop bandwidth, this results in a 
required carrier-power-to-noise-density SNR of 22 dB-Hz. 
For the lowest SNR profile in Figure 3, the total power SNR 
is typically 22 dB-Hz. With half of the total power in the 
carrier, the carrier SNR would be 3-dB less than the 
nominal requirement.  Furthermore, a PLL system would 
have virtually no chance to maintain lock during parachute 
deployment, and there would not be sufficient time to 
reacquire lock after deployment, in order to receive the 
important information sent then. There also would be no 
margin for lower SNR conditions, which are statistically 
possible. Thus coherent communication is not feasible. 
 
Because coherent communication is not feasible, a special 
form of MFSK will be used, as described in Section 3. A 
major result of this paper is to demonstrate a method of 
frequency tracking that will perform satisfactorily 
throughout the hypersonic entry. It is shown that the SNR 

tracking threshold for this method is approximately 6-dB 
better than for a PLL. 
 
For the Mars Pathfinder mission, there was a complete 
signal outage for approximately 30 s during the period of 
highest dynamics [1]. The cause of this signal loss is not 
known for sure.  It may have been due to plasma outage, 
spectral spreading caused by vibration of the crystal 
oscillator in the transponder, or separation of electrical 
connections in the microwave system caused by excessive 
vehicle vibration. Regardless of the cause, this event may 
happen again for the MER missions. The frequency tracking 
method is amenable to recovering the signal after loss. The 
processing will be done non-causally, with recorded data. If 
the signal is lost, the plan is to reacquire it during the period 
of low dynamics shortly before parachute deployment. The 
tracking algorithm will then be applied backwards in time, 
recovering the data back to the end of the signal outage. 
 
It is anticipated that lock will be lost upon parachute 
deployment. The signal will be reacquired shortly 
thereafter, and processed backwards in time to recover as 
much data as possible. 
 
The final part of the scenario is after the lander is released 
from the backshell, and is suspended on the bridle. The 
lander is swinging in the wind, and rotating due to the spin 
stabilization of the spacecraft. This causes the antenna gain 
in the Earth direction to be low, rapidly varying and poorly 
predictable, resulting in low and widely varying SNR. 
 
During this phase, the UHF relay link is prime, but the X-
band DTE data will be processed as best as possible, as a 
backup. The X-band SNR is expected to vary over a range 
on the order of 20 dB. There will also be high unmodeled 
dynamics, due to the swinging and rotation of the lander.  It 
is not expected that frequency tracking will be possible. 
Non-coherent detection algorithms will be used to search 
over the range of possible Doppler profiles. It is expected 
that signal detection will be successful when the SNR is at 
the higher end of its range. It is expected that some but not 
all of the FSK tones will be detected during this phase. Note 
that this phase lasts for approximately 80 s, so that there 
will be only four to eight distinct signals, depending on 
whether 20-s or 10-s duration tones are transmitted. 
 
 3. SIGNAL SET, DETECTION AND TRACKING 
To facilitate the DTE X-band link, a special form of MFSK 
is used that comprises both a fixed frequency carrier and a 
square-wave subcarrier. This special MFSK signal format 
used for EDL is represented by: 
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where   is the transmitted carrier frequency; 0
cf Δ  is the 

modulation index (  represents the fraction of the 
total power in the carrier);  denotes the data tone (1 of 

256 possible tones transmitted every 10 s) and 
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Spectrally,  comprises discrete lines at the carrier, data 
tone sidebands (on either side of the carrier line) and 
harmonics of the data tone created by the hard limiting 
function, . 

)(ts

)(⋅Sqr
 
The effect of the DTE channel is to introduce significant 
time-varying amplitude and Doppler (assumed to equally 
shift the carrier and data subcarrier tones) and to add noise. 
Thus, we can represent the received signal as: 
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where the received carrier frequency can be represented as 
the sum of the transmitted frequency and a time varying 
Doppler component , i.e., . )(tfΔ )()( 0 tfftf cc Δ+=
 
In detecting and demodulating this waveform, the carrier 

frequency, , and its time derivative  (frequency 
rate) are first tracked out via a Fast Fourier Transform 
(FFT)-based maximum likelihood detection approach [2]. 
The transmitted MFSK data tones are then determined. The 
process is depicted in Figure 4. 
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Figure 4. EDL demodulator. 
 

The carrier acquisition process is essentially an open loop 
search over carrier frequency and rate space wherein 
different hypothesized rates are first mixed out of a segment 
of the input data, i.e., 
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where  denotes the  hypothesized carrier 
frequency rate (  possible rates) and 

)(ˆ tf c
l& th−l

rN T  is the time span 
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periodogram estimates , 

l
)( fPl

1≤ ≤l Nr . Initial 
estimates of the carrier frequency and rate are then derived 
via:  
 

{ })(maxarg
                            ,

ˆ

ˆ
fP

ff

f
l

ll
&

=
⎪⎭

⎪
⎬
⎫

 

 

The resulting estimates,  and , are 
then used to initialize carrier frequency tracking. This is 
similar to the acquisition process except that carrier 
frequency and rate estimates derived from a 

ff c
ˆ)0(ˆ ≡ l

&& ff c
ˆ)0(ˆ ≡

T -length data 
segment are used as initial estimates for the next segment, 
and so on. For tracking, these segments are typically 
overlapped (50-75% overlapping) in order to provide 
smoother frequency estimates to the data tone demodulator 
and also to minimize large frequency excursions between 
estimates. In addition, the sizes of the frequency and 
frequency rate spaces are substantially reduced during 
tracking. Note that a lock detector can be used to monitor 
tracking performance and indicate if re-acquisition is 
required at any point in time. 
 
The carrier acquisition/tracking parameters, T  and TΔ , are 
chosen based on the anticipated dynamics. Specifically, 
since only the received carrier frequency and its first 
derivative are estimated directly, the presence of the second 
and higher order derivatives of frequency can degrade 
acquisition and tracking performance. To avoid these 
degradations, we choose TΔ  sufficiently short that the 
maximum deviation of the received carrier frequency from a 
linear trajectory over the T -length segment is less than one-
quarter of the FFT resolution, . Consequently, 

for a given 

Tf Δ=Δ /1

fΔ  we choose =T  max/2 ff &&Δ⋅ , where  

represents the maximum anticipated Doppler acceleration. 
In addition, 

maxf&&

fΔ  must be large enough to accommodate any 
spectral spreading induced, e.g., by vibration effects. 
 
 



 4. PERFORMANCE ESTIMATES 
In deriving receiver performance estimates, we note that 
regardless of whether we are performing carrier acquisition, 
tracking or MFSK tone detection, the estimation process is 
always based on peak power detection. In the case of carrier 
acquisition, the maximum over all possible frequencies and 
rates is determined as the initial estimate of the carrier 
frequency. We denote the size of the search space (number 
of Doppler and Doppler rate pairs) by  and assume that 

the correct carrier signal is present in only 1 of the  

search locations. 

fN

fN

 
From a performance analysis standpoint, carrier tracking is 
considered to be the same as acquisition except that the size 
of the search space is drastically reduced and thus the 
tracking threshold is usually somewhat lower (~ 1-2 dB 
lower) than for acquisition. Likewise, MFSK tone detection 
is based on peak power estimation except that Doppler rate 
is eliminated from the search space and furthermore the 
number of frequencies searched is reduced to the possible 
MKSK tones. 
 
Assuming chi-square statistics for the signal and noise 
periodogram data , the probability of correct carrier 
frequency identification is given by: 
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where  denotes the modified Bessel function of 
order 

)(1 ⋅−MI
1−M  ( );  is the noise distribution, 

i.e.,  and  is the noise 

probability density function:  

. Also in the above expression for ,  is the 
carrier power-to-noise density ratio (recall that the ratio of 
carrier power to the total power is ). 
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Based on the above, we can compute carrier acquisition or 
tracking probabilities, e.g., versus the total received signal 
power (carrier plus data)-to-noise density ratio, =0/ NPT  

. Consider a high-dynamics, carrier 
acquisition scenario wherein the FFT resolution is set at 

; the non-coherent FFT averaging duration is 
; the frequency search space is 25 kHz wide; the 

frequency rate search space is 2000 Hz/s wide (in steps of 5 
Hz/s) and . The corresponding probability of 
incorrect carrier acquisition ( ) is plotted in Figure 5 

versus . In addition, a plot of  versus 

 is also presented corresponding to a carrier 
tracking scenario wherein the search space has been 
reduced from {25 kHz X 2000 Hz/s} down to {100 Hz X 15 
Hz/s}. As is seen, the carrier acquisition threshold at 

Δ2cos/CNR

Hzf  20=Δ
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o48=Δ
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999.0=idP  is approximately 2 dB greater than for carrier 
tracking. 
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Figure 5. Probability of incorrect carrier acquisition/  
tracking. 

 
In the case of MFSK data tone detection, the probability of 
correct symbol detection is given by the above expression 
for  but with idP M  replaced by M2  (due to spectral 
folding about the carrier prior to data tone detection) and 
with  replaced by the ratio of power in just one of the 
data tone sidebands to noise power spectral density. Also, 
for MFSK data tone detection and assuming perfect carrier 
tracking,  represents the number of possible tones 

transmitted (typically, ) and the non-coherent 

integration time 

CNR

fN
256=fN

T  is nominally matched to the data symbol 
duration but can be shorter with some loss in performance. 
 
This is illustrated in Figure 6 where the MFSK symbol error 
probability is plotted versus  (again assuming a 48 
deg modulation index) corresponding to a 

0/ NPT

Hzf  1=Δ  FFT 
resolution and with both T = 5 s and 10 s non-coherent 
integration spans. Also in Figure 6, the number of possible 
transmitted tones is varied from 128 to 512 tones. As is 
seen, doubling T  results in a 2-dB reduction in threshold at 
0.001 symbol error probability. On the other hand, 
quadrupling the number of possible tones from 128 to 512 
increases the threshold by only about 0.25 dB. 
 

 
 



Figure 6. MFSK symbol error probability. 
 
As an example of EDL tracking performance, we have 
simulated the MERB frequency profile (see Figure 2) and 
impressed it upon the transmitted carrier. Simulated 
tracking performance at 19.4 dB-Hz and Δ = 48 deg is 
presented in Figure 7. Utilizing a 10-Hz FFT resolution and 
a 0.7-s non-coherent integration time constant, we are able 
to continuously track the carrier through periods of peak 
dynamics all the way up to parachute deployment, occurring 
at approximately 240-s after entry (the track depicted in 
Figure 7 was terminated just prior to parachute 
deployment). 
 

Figure 7. Simulated MERB EDL tracking. 
 
Based on an analysis of carrier detectability as described 
above (Figure 5), we find that these detection parameters 
( and ) yield reliable stable tracking 
with mean time to lose lock on the order of 700 s at 

 = 19.4 dB-Hz. This is confirmed by the simulation 
results depicted in Figure 7. Furthermore, based on the 
dynamic tracking considerations discussed above in Section 
3, these detection parameters will avoid noticeable 
performance degradations for Doppler second derivatives as 
large as 40 Hz/s

Hzf  10=Δ sec 7.0=T

0/ NPT

2, which indeed corresponds to the peak 
value for MERB prior to parachute deployment (Figure 2). 
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It is noted that this performance far surpasses that of a PLL 
which requires a 22-dB-Hz CNR  for reliable tracking 
under these conditions as discussed in Section 2. Given that 

 for the 

simulated data presented in Figure 7, we see that the CNR  
tracking threshold for this method is at least 6-dB better 
than for a PLL. Note also from Figure 7 that the root-mean-
square (RMS) frequency tracking error 

HzdB 16NPCNR T −≈⋅Δ= /cos 0
2

fσ  is 

approximately 1.5 Hz (in general ff Δ∝σ ). This is more 

than adequate for reliable MFSK tone detection as 
illustrated in Figure 8 where a waterfall display of the 
detected 10-s MFSK tones is depicted over time 
(approximately 23 tones transmitted from entry to parachute 
deployment). As is seen there is plenty of margin for 
correctly demodulating all of the data tones. 
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Figure 8 - Simulated MERB EDL tone detection. 
 
 
The detected tones displayed in Figure 8 are generated by 
first mixing the carrier frequency estimate (Figure 7) from 
the simulated data (as depicted in Figure 4) and then 
performing MFSK tone detection. Given the excellent 
frequency stability of the tracker for this case ( fσ  ~ 1.5 

Hz), tone detection can be implemented with a much longer 
non-coherent integration time constant T  than is used in 
tracking the carrier. In particular, T  = 10 s is used for data 
tone detection in Figure 8 whereas T  = 0.7 s for carrier 
tracking (Figure 7). In both cases a Hzf  10=Δ  FFT 
resolution was implemented; however, a much smaller 
frequency resolution (on the order of fσ ) could be used 

for data tone detection if desired (depending on the extent 
of spectral spreading present).  
 



5. THRESHOLD AND DETECTION STRATEGY 
In Figure 3, the SNR threshold is shown for various phases 
of the EDL. The threshold depends mainly on the 
unmodeled dynamics, and are based on the preceding 
analysis, with 1.5 dB added for processing losses. During 
the portion of hypersonic entry with the highest dynamics, 
from 60-s to 120-s after entry, it is likely that there will be a 
total signal outage, as occurred for Pathfinder. The 
threshold shown has been increased by an additional 2.5 dB 
to account for the possible need for reacquisition. The 
resulting threshold shown for this time interval is 23.5 dB-
Hz, compared to the 19.4 dB-Hz in the successful 
simulation results of Figure 7. The minimum expected SNR 
shown in Figure 3 is above the value of the successful 
simulation, but below the threshold shown. We conclude 
that successful tracking is likely but not certain, except 
during a total signal outage. 
 
The system will record the received signal and apply the 
processing algorithms in non real time. This means that the 
data can be processed several times, using different values 
of FFT resolution, non-coherent detection time, and other 
parameters. The tracking algorithm can also be run 
backwards in time, which will be helpful if lock is lost at 
some point and then reacquired. Both of these techniques 
will be used if initial tracking is not successful. 
 
When the signal is from the lander suspended from the 
bridle, the threshold is high due to the dynamics of the 
swinging and rotating lander. Both the coherent and non-
coherent integration times are short. The motion also causes 
the SNR to vary rapidly. It is not likely that it will be 
possible to track the carrier frequency throughout this 
period. The planned detection strategy is to search over the 
possible ranges of frequency and frequency rate. 
Information from any detections that are made will be used 
to reduce the search region for the as yet undetected signals. 
Various sets of coherent and non-coherent detection times 
will be used. When the carrier is detected, it is highly likely 
that the FSK tone will be detected. In this manner, it is 
expected that some but not all of the FSK tone messages 
will be successfully detected. 
 
 6. SUMMARY 
A special form of 256-tone MFSK modulation will be used 
to communicate from the MER spacecraft to Earth during 
the challenging EDL phase of the mission. The residual 
carrier component of the signal will be acquired and tracked 
using FFT-based algorithms. The algorithms detect the 
signal and estimate frequency and frequency rate by 
maximizing a detection function over these parameters. This 
technique enables frequency tracking at a SNR 
approximately 6-dB lower than would permit coherent 
tracking with a phase-locked loop, under the same dynamics 
conditions. After tracking the carrier frequency, the MFSK 
tones are detected using similar processing. It has been 

shown that the modulation scheme and processing 
algorithms will be capable of reliable communication to 
Earth  throughout most of the EDL phase. 
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